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Abstract:

The 1997-1999 ENSO period was very powerful, but also well observed.

Multiple satellite rainfall estimates combined with gauge observations allow for a

quantitative analysis of precipitation anomalies in the tropics and elsewhere

accompanying the 1997-99 ENSO cycle. An examination of the evolution of the El Nifio

and accompanying precipitation anomalies revealed that a dry Maritime Continent

preceded the formation of positive SST anomalies in the eastern Pacific Ocean. 30-60

day oscillations in the winter of 1996/97 may have contributed to this lag relationship.

Furthermore, westerly wind burst events may have maintained the drought over the

Maritime Continent. The warming of the equatorial Pacific was then followed by an

increase in convection. A rapid transition from E1 Nifio to La Nifia occurred in May

1998, but as early as October-November 1997 precipitation indices captured substantial

changes in Pacific rainfall anomalies. The global precipitation patterns for this event

were in good agreement with the strong consistent ENSO-related precipitation signals

identified in earlier studies. Differences included a shift in precipitation anomalies over

Africa during the 1997-98 E1 Nifio and unusually wet conditions over northeast Australia

during the later stages of the El Nifio. Also, the typically wet region in the north tropical

Pacific was mostly dry during the 1998-99 La Nifia. Reanalysis precipitation was

compared to observations during this time period and substantial differences were noted.

In particular, the model had a bias towards positive precipitation anomalies and the

magnitudes of the anomalies in the equatorial Pacific were small compared to the

observations. Also, the evolution of the precipitation field, including the drying of the



Maritime Continentand eastwardprogressionof rainfall in the equatorialPacific, was

lesspronouncedfor themodelcomparedto theobservations.
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1. Introduction

It canbe arguedthat the 1997-98E1Nifio was the strongestENSO event ever

recorded. The unusuallywarm watersof the equatorialPacific were accompaniedby

changesin the large-scalecirculation, followed by precipitation anomaliesrangingfrom

severedrought to floods. The Maritime Continent, Amazon and Congobasins, and

Central America experienceddrought during some part of 1997 and 1998, while

Argentina,Peru,andEastAfrica were hardest hit by flooding. In fact, there have been

many studies documenting the variability of regional precipitation during the 97-98 event

(Montroy et al. 1998, Bell and Halpert 1998, Bell et al. 1999, Jaksic 1998, Mullen 1998,

Pavia and Badan 1998, Harrison and Larkin 1998, Kogan 1998, Jensen et al. 1998,

McPhadden 1999, Kousky 2000). The El Nifio was followed by a persistent La Nifia.

The regional precipitation anomalies for this phase of the ENSO cycle have been less

well documented.

Global precipitation during the 1997-99 ENSO was well observed from space.

The SSM/I microwave and high resolution geo-IR data were available to monitor daily to

monthly precipitation rates over even remote areas of the globe. The 1998-99 portion of

the event was observed by the Tropical Rainfall Measuring Mission (TRMM) as

discussed by Adler et al. (2000). In contrast, oceanic precipitation analyses for the

comparable 1982-83 ENSO were limited to less capable satellite data, such as the

outgoing longwave radiation information, or model data. With this motivation, satellite

observations and gauges are used to examine the evolution of tropical and extratropical

precipitation anomalies associated with the 1997-98 E1 Nifio and 1998-99 La Nifia. This

work is intended to be a case study and the results found here may not be applicable to all
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ENSO events. Finally, the observations will be compared to model generated

precipitationduring this period.

2. Data

Theprimary datasourcefor this study is anexperimentalversionof themonthly

GlobalPrecipitationClimatologyProject's (GPCP;Huffmanetal. 1997)communitydata

set,hereafterreferredto asGPCP. This datasetis describedby Huffmanet al. (1997),

excepttherehasbeena slight modification in themergertechnique;it usesTOVS-based

estimatesof precipitation(Susskindet al. 1997)to fill in missingor uncertaindatain the

high latitudes, after being adjustedto GPCP values in nearby areas. The record is

extendedbackbeforethe SSM/I periodusingtheOLR PrecipitationIndex (OPI) of Xie

and Arkin (1998). The record of GPCP global monthly precipitation now extends from

January 1979 to the present. The GPCP analysis has the distinctive feature of using the

relatively infrequent low-orbit microwave observations to calibrate or adjust the

geosynchronous IR-based estimates, thereby retaining the bias of the superior

instantaneous rainfall observations and the superior sampling of the geosynchronous

observations. GPCP is heavily weighted toward a gauge analysis over land (Rudolf et al.

1994). In general bimonthly averages of precipitation anomalies are shown, thereby

reducing the effects of 30-60 day oscillations. However, individual months and twenty--

year climatologies were examined as well.

GPCP is compared with NCEP/NCAR's reanalysis product (Kalnay et al. 1996).

Precipitation is computed from a 62 wave triangular, 28 layer spectral model "Medium

Range Forecast" run.



For theexaminationof smallertime andspacescales,a onedegreedaily global

precipitationdataset(1DD; Huffmanet al. 2000)wasused. 1DD includesprecipitation

estimatesfrom geosynchonousIR, andTOVS. 1DD is computedseparatelyfrom the

monthly GPCPanalysis,but eachdayof the daily combinationis scaledsuchthat each

monthof daily datasumsto thecorrespondingGPCPmonthly estimate.This is doneto

ensureconsistencybetweenGPCPproductsand to introducegaugedataasa constraint

on 1DD. The product currently extends from January 1997 to October 1999.

NCEP/NCAR also producesa daily reanalysisprecipitation data set,with zonal grid

spacingof 1.875°, andthis wasusedto comparewith thedaily 1DD fields.

3. Evolutionof Precipitationin theTropics

3.1 Overview

This section presents a timeline of evolution of key components of the ocean-

atmosphere system during the 1997-99 ENSO cycle. In particular, SST and precipitation

anomalies are shown in Figs. 1 and 2. The beginning of 1997 saw a deep thermocline

and warm ocean in the West Pacific and a shallow thermocline and cold ocean in the East

Pacific (Bell and Halpert 1998). This was followed in early boreal spring by a rapid

transition to E1 Nifio conditions in the ocean. Anomalous warming in the east was

accompanied by a flattening of the thermocline. A drying of the Maritime Continent

preceded the SST increase in the east-central Pacific and the following increase in

precipitation there. The anomalously dry conditions over the Maritime Continent and
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warm waters over the central Pacific peaked at the end of 1997. The maximum

precipitationanomalyin thePacific followed in early 1998.

As the ENSO strengthened,changeswere observedin theprecipitationanomaly

field in the central Pacific, which led the full onsetof La Nifia. A dipole of wet

anomaliesalong the equator and dry anomaliesto the north was consistentwith an

intensifiedmeridional-verticalcirculation (Curtis andHastenrath1997)from mid-1997to

mid-1998. The negativeprecipitation anomaliesin the Pacific precededthe positive

anomaliesover theMaritime Continent. This change-overin theatmospherecoincided

with rapiddecreasesin theSSTandsubsurfacestructure(Bell et al. 1999).

The SST and precipitation variability describedabove was quantified using

indicesover the Maritime ContinentandPacific basin. SST(ReynoldsandSmith 1995)

and precipitation anomalies were computed within a fixed box over the Maritime

Continent(INDO; Fig. 3). Nino 3.4(Fig. 3) waschosento quantify SSTanomaliesin the

eastPacific,andprecipitationanomalieswerecalculatedfor this domain. Becauseof the

varyingnatureof rainfall, movingboxeswerealsousedto describeprecipitationchanges.

Area averagesof precipitation,the sizeof INDO andNino 3.4, weremovedthroughout

largerdomainsencompassingtheMaritime continent (MC) andeastPacific (P) (Fig. 3),

asdescribedby CurtisandAdler (2000). HereMC-(+) denotestheminimum(maximum)

value in the moving block averages found within MC and P-(+) the minimum

'(maximum) value found within P. The same search procedure was used on anOmalous

precipitation (aMC-, aMC+, aP-, aP+), which should be related to anomalies in the

vertical velocity field associated with the components of the Walker Circulation.

Because these indices search for the largest anomalies in an area, they can often lead
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fixed-locationindicesin detectingregionalrainfall changes(CurtisandAdler 2000). An

exampleof thesemovingbox indices,aP+andaMC-, is givenin Fig. 4 (areproductionof

Fig. 2 in Curtis and Adler (2000)) for months during the 1997-98 El Nifio. The

normalizeddifferenceof aP+minus aMC- is the E1Nifio Index.(El), a measureof the

westwardgradientof rainfall anomalies.Thenormalizeddifferenceof aMC+ minusaP-

is the La Nifia Index (LI), a measureof the opposite,eastwardgradient of rainfall

anomalies. The El Nifio Indexminus the La Nifia Index yieldsthe ENSOPrecipitation

Index (ESPI). The EI,LI, andESPIare relatedto the anomalousstrengthof the Walker

Circulation,andarecorrelatedwell with traditionalENSO indices,suchasNino 3.4 and

theSouthernOscialltion Index (SOl). Time seriesplots from 1996to 1998areshownin

Fig. 5 for Nino 3.4 (sst,precipitation),INDO (sst,precipitation),aMC+,aMC-, aP+,aP-,

andFig. 6 for EI, LI, andESPI.

3.2 Initiation of El Ni_o

The period of initiation and intensification of the El Nifio was roughly January to

December 1997 (see bold lines in Figs. 5 and 6). Prior to that, the climate system was in

the La Nifia phase. It was the fourth strongest La Nifia according to over 20 years of

ESPI data, but relatively weak compared to the long-term SST and SO1 records. Early

indications of a change in the climate system were seen through decreases in precipitation

averages over the Maritime Continent (Fig. 5b,c) in September-October 1996. During

November-December 1996 (Fig. la,b) the Maritime Continent was generally wet, and the

central Pacific dry. However, an area of negative precipitation anomalies is found over

Indonesia and Borneo, which is consistent with negative aMC- and INDO(precipitation)
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valuesfor thisperiod (Fig. 5b,c). In January-February1997(Fig. ld) thedry regionover

the easternequatorial Indian Oceanand Indonesia intensified. Nino 3.4(sst)became

positivein March 1997(Fig. 5a). In fact, of the standardequatorialPacificSSTindices,

only Nino 4 (5 °N - 5 °S; 160°E - 150°W) showeda concurrentevolution to positive

valuesascomparedto aMC- and INDO(precipitation). The Madden-JulianOscillation

(MJO) may haveinfluenced the decreasein precipitation over the Maritime Continent

beforetheappearanceof El Nifio SSTs. Fig. 7 showsaglobal time-longitudediagramof

daily precipitation averagedfrom 5° N to 5° S using the global, daily analysis of

Huffman et al. (2000) (seesection2). The period is January 1 1997to December31

1998.An activeMJO is apparentfrom 140Eto 160Wfor mostof 1997.

In March-April 1997awarm anomalyemergedoff thecoastof Peru(Fig. le). In

theEastPacific theclimatological weakerbandof precipitationsouthof theequatorwas

absent,while in theWestPacific the ITCZ andSouthPacificConvergenceZone(SPCZ)

werefurtherapartthannormal. This patternof precipitationwasconsistentwith negative

precipitationanomaliesover theMaritime Continent,extendingeastwardin abandalong

the equatorandpositive rainfall anomalieslocatedimmediately to the north and south

(Fig. If). The clearing along the equator(shownfrom November 1996to April 1997)

mayhavecontributed,throughincreasedshortwaveradiation,to an intensificationof the

warmingof theequatorialcold tonguein this case. This is consistentwith Weare(1983)

who hypothesizedthat increasedsurfaceheatingplays a role in the early stagesof a

developingE1Nifio. However,further investigationof therole of cloudsin the initiation

of the 1997-98E1Nifio is needed.In anyevent,warm E1Nifio watershadextendedJrJ_to

the central Pacific by May-June 1997 (Fig. lg). At the same time the rain band



accompanyingthe ITCZ had begun to broaden, intensify, and migrate southward,

consistentwith a weakeningof the Walker circulation. Interestingly, the precipitation

and SST signals were not co-located. The increase in rainfall occurred in the central

basin just off the equator (Fig. lh), and the warm anomalies covered the equatorial cold

tongue in the east (Fig. lg). The warming (Fig li), in turn, provided the energy for

abnormal convection in the Nino 3.4 region (Fig. l j). This is borne out in Fig. 5a and b,

as Nino 3.4(sst) leads Nino 3.4(precipitation). This apparent thermodynamic relation

does not hold true in the Maritime Continent, where a decrease in INDO(precipitation)

occurs well before a small decrease in INDO(sst) (Fig. 5a,b).

The second half of 1997 saw an enhanced warming of the east-central Pacific and

continued weakening of the Walker Circulation. Elsewhere in the tropics, a delayed

onset of the Asian monsoon (as indicated by Fig. lh) was followed by both positive and

negative precipitation anomalies over the Indian subcontinent in July-August 1997 (Fig.

lj). By September-October 1997 (Fig. lk ,1) there was a decrease in convection over the

Congo and Amazon basins. Finally, an increase in rainfall over east Africa coincided

with a warming of the Indian Ocean from September-October to November-December

(Fig. lk,l,m,n).

Fig. 1 clearly shows that the negative precipitation anomalies over the Maritime

Continent in November-December 1997 can be traced back a whole year, while the E1

Nifio SST signal in the east-central Pacific can be traced back to March-April. During

this time the MJO was active in the western Pacific. Also, the drying of the Maritime

Continent went through two periods of intensification, namely from January-February to

March-April, and from July-August to September-October (Fig. 1). It appears that these
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changesmay have takenplace on the order of days. Fig. 8 shows the MC- index of

precipitation for 1997. A 30 day running mean of MC- is step-like, with the larges_

decreases occurring from January to March. A lesser decrease occurred in July. Three

days in February-March are shown in map form. During the precipitous drop in MC-

from a maximum on February 20 to a minimum on March 2 the heaviest precipitation

moved eastward off the Maritime Continent. This movement of the convection coincides

with a westerly wind burst event documented by Yu and Rienecker (1998).

3.3 Mature Phase and Transition to La Ni_a

The temperature anomalies in the east-central Pacific reached a maximum in

November-December 1997 (Fig. lm). Nino 1+2, 3, 3.4, and 4 all show a maximum in

either November or December. Precipitation within the SPCZ and Pacific ITCZ merged,

forming a region of positive precipitation anomaly east of the date line (Fig. 3n). The

maximum in Nino 3.4(precipitation) in December-January (Fig. 5b) followed the

maximum in Nino 3.4(sst) in November (Fig. 5a). The largest precipitation anomalies in

the Pacific, as quantified by aP+ (Fig. 5c), occurred even later during January-February

1998 (Fig. 4a,b) after SST anomalies began to decline. However, the actual SSTs during

this period remained near 29C and the atmosphere and ocean remained highly coupled (a

manifestation of continuing mature phase ENSO conditions) as evidenced by abnormally

active convection. This decline in SST anomalies occurred because the climatological

mean SST increased as January-February begins the march toward increasing SST in the

east Pacific (which peaks in April-May). As measures of the gradient of precipitation,

both EI and ESPI peaked in September-October 1997 (Fig. 6), slightly leading the Nino
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3.4 averages(Fig. 5a,b), andsomewhatbeforetheoccurrenceof the largestprecipitation

anomaliesin thePacific (Fig. 5c). According to the EI and ESPI the 1997-98E1Nifio

eventwasthestrongestover thepast20years(Curtis andAdler 2000).

During the maturation of the El Nifio, in September-October I997, aMC+ and aP-

began to rise and fall respectively (Fig. 5d), continuing into the La Nifia phase. The

largest dry anomalies in the Pacific (aP-) were found north of the enhanced rainfall in

September-October (Fig. 11) and November-December (Fig. In) and northwest in

January-February (Fig. 2b) and March-April (Fig. 2d) where aP- peaked at -7 mm day _

(Fig. 5d). At the same time the positive precipitation anomalies in the eastern Pacific had

weakened slightly (Fig. 2d). Above normal rainfall was observed over New Guinea in

November-December 1997 (Fig. In), spreading throughout the Maritime Continent by

March-April 1998 (Fig. 2d). Also during this season, Northeast Brazil was anomalously

dry but the Maritime Continent drought had begun to end. A weak E1 Nifio (in terms of

SST anomalies) in May-June 1998 was accompanied by mostly negative precipitation

anomalies in the Pacific (Fig. 2e, f). However, rainfall anomalies in excess of 10 mm

day" remained off the coast of Peru. During May 1998 a precipitation complex traveled

from the east coast of Africa to the eastern Pacific in a matter of days during the rapid

decay of E1 Nifio and initiation of La Nifia. Takayabu et al. (1997) suggest that an MJO

influenced the termination of El Nifio through the intensification of easterly trade winds.

By July-August 1998 the SST pattern in the Pacific was more characteristic of a La Nifia

than an E1 Nifio. The Walker circulation continued to strengthen as positive precipitation

anomalies covered the East Indian Ocean and western Maritime Continent and negative

anomalies dominated the western equatorial Pacific (Fig. 2g, h).
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From September-October1998to January-February1999(Figs. 2i,j,k,l,m,n) a

steepgradient of anomalousprecipitation was formed in the western Pacific, as the

convectioncenterof the Maritime ContinentandSPCZcontinuedto intensify and the

largestnegativeprecipitation anomaliesshifted westward. In January-February1999

(Fig. 2m,n) enhancedrainfall was observedover the Amazon basin and southeastern

Africa, while the Indian Oceanand equatorialAfrica were coveredby dry anomalies.

TheLa Nifia persistedfrom spring1999throughspring2000(notshown).

4. Global Patternsof NormalizedPrecipitationAnomalies

Theprecipitationanomaliesaccompanyingthe97-99ENSOareillustratedby six

month seasonsof normalizedvalues(Figs. 9 and 10). Thesemapsare then compared

with schematicdiagramsfrom the landmarkstudiesof Ropelewskiand Halpert (1987,

1989;hereafterreferred to as RH). The solid (dashed)line areasare consistentlydry

(wet) for ENSO eventsduring thepastcentury. April 1997to September1997(Fig. 9a)

would correspondto Apr(O)- Sep(O)in RH'snotationof seasonsof maximum sensitivity

(Fig. 9c). According to RH, during theseearly monthsnorthern India, the Maritime

Continent,southeastAustralia, andnorthernSouthAmerica aretypically dry, while the

westernU.S. is wet (Fig. 9c). 1997follows this patternaccordingto GPCP. However,

the interior of India wasmore wet than dry (Fig. 9a). In the October(0) to March(+)

seasonthereis also goodagreementbetweenthe typical global precipitation signal and

this casestudy. Someexceptionsfor 1997-98are noted. The dipole of precipitation

anomalies over Africa (Fig. 9c) is shifted (Fig. 9b) and northeast Australia, which
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averageddry from April(0) to September(0)(Fig. 9a),averagedwet from October(O)to

March(+) (Fig. 9b). GPCPalsoshowssubstantialrainfall anomaliesover the oceans.

For example,it wassignificantly wet from the coastof Chinaeastwardandsignificantly

dry aboutthe Drake Passage(Fig. 9b). RH capturesthe anomalousrains of thecentral

Pacific (Fig. 9c) but not the statistically significant anomaliesof the East Pacific (Fig.

9b).

Fig. 10continuesthe ENSOinto the La Nifia phase. April to September1998

shows a combination of E1Nifio and La Nifia signals (Fig. 10a). RH depicts wet

conditions over India in this season,while the normalizedanomaliesfor this eventare

weakly negative. The monthsOctober1998to March 1999(Fig. 10b)closely matchthe

seasonschosenby RH to classify thecanonicalLa Nifia signals(Fig. 10c). Thewet and

dry regions during a typical La Nifia are reproduced well with the 1998-99 case.

However, in the historic compositethe areato the north of the equator,encompassing

Hawaii, is wet during November(0)to April(+) (Fig. 10c),while a much smaller area,

which doesnot includeHawaii, is wet from October1998to March 1999(Fig. 10b). The

global mapof satelliteobservationsalsoshowsdry conditionsover the IndianOceanfor

La Nifia, andwet conditionsin the DrakePaSsage(Fig. 10b). In fact, the precipitation

anomaliesfor the 1997-98El Nifio areinverseto the 1998-99La Nifia for manyregions

of thetropicsandextratropics.Unlike thetypical ENSOcycle, theLa Nifia haspersisted

through1999andinto 2000.
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5. ObservedVersusModeledPrecipitation

The evolution of NCEP/NCAR reanalysisderived precipitation shows some

striking differences from the observations. The absolutemagnitudesof the modeled

NINO 3.4 andINDO precipitation anomaliesaresmallerthanobserved(Fig. 1l a). For

GPCP, INDO reacheda minimum well before the NINO 3.4 precipitation anomaly

reacheda maximum. However,themodelshowsasimultaneouspeakin the indices(Fig.

1la). The extremesof aP+and aMC- associatedwith the El Nifio occurrednearly six

monthsearlier for the reanalysisthan for the observations(Fig. 1lb). Finally, the time

seriesplots of aMC+ and aP- are different for GPCP as comparedto NCEP/NCAR,

especiallyin 1997when the observationsshow the beginningsandevolution of the La

Nifia patternfrom November 1997onward,whereasthe modeledprecipitation fails to

capturetheserapidchanges(Fig. 1lc).

Fig. 12showsthe April 1997to March 1998averagefor GPCP,NCEP/NCAR,

andthe GPCPminus NCEP/NCARdifference. Although theENSOsignalis presentin

the modeled precipitation anomalies,there are substantial differencesin magnitude

betweenthereanalysisandobservedestimates.As notedin arecentstudyby Janowiaket

al. (1998)comparingGPCPandNCEP/NCAR,the magnitudesof the reanalysisvalues

aresmallerthan thoseobservedon theinterannualtime scale. In thecentralPacific only

a small areaof modeledprecipitationanomaliesis greaterthan4 mm day1 andnoneof

theanomaliesin theMaritime Continentarelessthan--4mm day1 (Fig. 12b). In fact, the

maximumanomalousprecipitationratewithin thewet equatorialEastPacific is 7.7 mm

day_for theobservationsascomparedto 5.4mm day1for themodel,while the minimum
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anomalous precipitation rate over the Maritime Continent is -6.1 and -4.0 mm day -_

respectively. The NCEP/NCAR average map shows very wet anomalies over India and

very dry anomalies over equatorial South America which were not observed (Fig. 12).

Also, NCEP/NCAR anomalies tend to be predominantly positive (Janowiak et al. 1998).

A similar Hovmtiller analysis as presented in Fig. 7 was performed on the

NCEP/NCAR data (not shown here). Globally, magnitudes of the modeled precipitation

were smaller than those observed. The observations (Fig. 7) suggest that equatorial

mesoscale complexes are an important mechanism for the propogation of substantial

rainfall amounts from the Maritime Continent to the East Pacific. However, in the

reanalysis these systems are less well defined and there seems to be a large scale

spreading of light precipitation across the basin. In fact, in early 1998 the model shows

about equal precipitation amounts in the East and West Pacific. Finally, the

NCEP/NCAR reanalysis incorrectly produced continuous convective precipitation

between 90 ° and 120 ° E during 1997-98, which is consistent with the model-based small

negative anomalies over the Maritime Continent in Fig. 12b. This inaccuracy in

resolving the convectively coupled equatorial waves may be a reason why the model does

not show propagation of positive precipitation anomalies to the East Pacific in early

1998, and produces only a weak anomalous precipitation gradient in the Pacific basin

during the ENSO.
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6. Conclusions

This work was a contribution to the understanding of the evolution of

precipitation patternsduring the 1997-99 ENSO cycle. Monthly and daily GPCP

precipitationdatasetswere usedto monitor the evolution of tropical and extratropical

precipitation during the 1997-98 E1Nifio and beginning of the 1998-99 La Nifia.

Comparisonsweremadewith NCEP/NCARmodeloutput.

The evolution of the ENSO was tracked by maps of SST and precipitation

anomalies and quantified by a suite of indices in the Pacific basin and Maritime

Continent. The datasuggeststhat at thebeginningof the eventin thewinter of 1996/97

30-60 day oscillations may have influenced a climatological drying of the Maritime

Continent as clouds and precipitation were advected eastward. A month or two later

there was a warming of the east-central Pacific which contributed to enhanced

convection. It was shown that westerly wind burst events were associated with a rapid

movement of precipitation eastward from the Maritime Continent to the West Pacific and

that less precipitation returned after the event was over, leading to a step-down drying the

Maritime Continent. Two of these decreases in rainfall occurred in late February and

July. The precipitation-based El Nifio Index indicated that the gradient of precipitation

anomalies in the Pacific (positive in the east and negative in the west) was a maximum

during September-October 1997, before the peak in Nino 3.4 SST anomalies in

November 1997. At the same time the La Nifia Index turned upwards, capturing negative

precipitation anomalies to the north of the equator. The rapid transition from E1 Nifio to

La Nifia in May 1998 was indicated by concurrent changes in precipitation and SST.
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Global patternsof precipitation anomaliesduring theseyearswere in general

consistentwith the typical ENSO patternsdescribedin previousstudies. Differences

includeda shift in precipitationanomaliesover Africa during the 1997-98El Ni_o and

unusuallywet conditionsovernortheastAustraliaduring thelater stagesof theE1Nifio.

Also, the typically wet region to the north of the equatorin the Pacificwasmostlydry

duringthe 1998-99LaNifia. Theprecipitationobservationsrevealedstrongprecipitation

anomaliesover theIndianOcean,southeastPacificbasin,North Atlantic, andotherareas

notwell observedwith surfacedata.

Therewere severaldiscrepanciesbetweenthe observedprecipitationanomalies

andthosecomputedby theNCEP/NCARmodelduring 1997-98.Thereanalysisproduct

hasa biastowardspositiveprecipitationanomaliesandthemagnitudesof the anomalies

in theequatorialPacific were small ascomparedto the observations.The evolution of

the eventwasalsodifferent for the model. During the onsetof the E1Nifio the model

decreasein precipitationover theMaritime Continentoccurredsimultaneouslywith the

increasein precipitation in theEastPacific, unlike theobservationswheretheMaritime

Continentdrying occurredfirst. Also, thetransitionfrom E1Nifio to La Nifia wasnot as

abrupt. TheMJO wasresolvedby NCEP/NCAR,but not thewesterlywind bursts. This

mayhavecontributedto themodelproducingweakernegativeprecipitationanomaliesin

the west Pacific and weaker positive precipitation anomalies in the eastPacific as

comparedto theobservations.

Futurework will focus on using the 20 yearsof precipitationdata to relatethe

patternof evolutionof the 1997-98El Nifio and 1998-99La Nifia to otherENSOevents.
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FigureCaptions

Fig. 1. Bimonthly averagesof SST (a, c, e, g, i, k, m) and precipitation (b, d, f, h, j, 1, n)

anomalies in C degrees and mm day-1 respectively, from November 1996 to December

1997. (a) SST November-December 1996 (Nov-Dec 96), (b) Precipitation Nov-Dec 96,

(c) SST January-February 1997 (Jan-Feb 97), (d) Precipitation Jan-Feb 97, (e) SST

March-April 1997 (Mar-Apr 97), (f) Precipitation Mar-Apr 97, (g) SST May-June 1997

(May-Jun 97), (h) Precipitation May-Jun 97, (i) SST July-August 1997 (Jul-Aug 97), (j)

Precipitation Jul-Aug 97, (k) SST September-October 1997 (Sep-Oct 97), (1)

Precipitation Sep-Oct 97, (m) SST November-December 1997 (Nov-Dec 97), (n)

Precipitation Nov-Dec 97.

Fig. 2. Same as Fig. 3; period from January 1998 to February 1999. (a) SST January-

February 1998 (Jan-Feb 98), (b) Precipitation Jan-Feb 98, (c) SST March-April 1998

(Mar-Apr 98), (d) Precipitation Mar-Apr 98, (e) SST May-June 1998 (May-Jun 98), (f)

Precipitation May-Jun 98, (g) SST July-August 1998 (Jul-Aug 98), (h) Precipitation Jul-

Aug 98, (i) SST September-October 1998 (Sep-Oct 98), (j) Precipitation Sep-Oct 98, (k)

SST November-December 1998 (Nov-Dec 98), (1) Precipitation Nov-Dec 98, (m) SST

January-February 1999 (Jan-Feb 99), (n) Precipitation Jan-Feb 99.



Fig. 3. Areas representedby indices. The large solid-lined and dashed-linedboxes

indicate the Pacific (P) and Maritime Continent (MC) regions respectively. Shaded

regionsmarkthe locationsof INDO (5N, 5S; 90E, 140E)andNINO 3.4(5N, 5S; 170W,

120W)andrepresenttheareasoverwhichaMC andaParecomputed.

Fig. 4. Reproductionof Figure 2 in Curtis and Adler (2000). GPCPderived rainfall

anomaliesin mm dayl. Boxedregionsareas in Fig. 1. The solid-linedbox within P is

the areawith the maximum averagedprecipitationanomaly(aP+) andthe dashed-lined

box within MC is the areawith theminimum averagedprecipitation anomaly (aMC-).

(a) August1997,(b) October1997,(c) December1997,(d) February1998.

Fig. 5. 1996-98time seriesof monthly seasurfacetemperature(SST) and bi-monthly

precipitationindicesfor thecentralPacificandMaritime Continent(ref.Fig. 1). Vertical

lines denoteJanuarys. Bi-monthly valuesare plotted betweenmonth tick marks. For

panels(a)-(c) thick lines connectthe zeropoints to themaximum anomaliesduring the

97-98E1Nifio. For panel(d) thick linesconnectthezeropoints to theendsof theplots.

(a) Solid line tracksNino 3.4(5N-5S,170W-120W)anddashedline theINDO SSTindex

(5N-5S,90E-140E). (b) Solid anddashedlines track observedprecipitation anomalies

averagedover the Nino 3.4 and INDO areasrespectively. (c) Solid and dashedlines

denoteobservedaP+and aMC- precipitation indicesrespectively. (d) Solid and dashed

linesdenoteobservedaMC+andaP-precipitationindicesrespectively.



Fig. 6. 1996-98time seriesof bi-monthly indicesof anomalousprecipitationgradientin

the equatorialPacific. Vertical lines denoteJanuarys. Bi-monthly values are plotted

betweenmonthtick marks. Solid line trackstheENSOPrecipitationIndex (ESPI),short-

dasedline E1Nifio Index (El), andlong-dashedline La Nifia Index (LI). Thick lines

connectthezeropointsto themaximumanomaliesduring the97-98E1Nifio.

Fig. 7. Time-longitudediagram(5° N to 5° S) of global precipitationderived from an

experimentalone degreedaily product. Period is January1 1997to December31 1998.

Colorbardenotesprecipitationratesfrom 0 to 20mm dayl.

Fig. 8. Experimentalonedegreedaily precipitationduringawesterlywind bursteventin

lateFebruary1997. MC- is plottedin mmday-1 for 1997andduringtheperiodFebruary

10to March 10. Thick line in toppanelis 30-dayrunning mean. Precipitationfields are

shownfor February22, February26, andMarch4, whereshadingis delineatedevery 5

mm dayl. Blackdenotesrain ratesin excessof 5 mm dayl, white rain ratesin excessof

25mm dayl.

Fig. 9. Six month seasonsof normalizedprecipitation anomaliesduring the E1Nifio.

Top panelis for April to September1997andmiddlepanelis for October1997to March

1998. Bottom panel is a reproductionof Fig. 21 in Ropelewski and Halpert (1987).

Dashedlines denotetypically wet andsolid lines dry regions in the seasonsindicated.

Yearzerowouldcorrespondto 1997.



Fig. 10. Sameas Fig. 9, but during the La Nifia. Top panel is for April 1998 to

September 1998 and middle panel is for October 1998 to March 1999. Bottom panel is a

reproduction of Fig. 18 in Ropelewski and Halpert (1989). Dashed lines denote typically

wet and solid lines dry regions in the seasons indic_ited. Year zero would correspond to

1998.

Fig. 11. 1996-98 time series of indices described in Fig. 5 derived from both observation

(thin lines) and model (thick lines). Vertical lines denote Januarys. Bi-monthly values

are plotted between month tick marks. (a) Solid and dashed lines track precipitation

anomalies averaged over the Nino 3.4 and INDO areas respectively. (b) Solid and dashed

lines denote aP+ and aMC- precipitation indices respectively. (c) Solid and dashed lines

denote aMC+ and aP- precipitation indices respectively.

Fig. 12. Precipitation anomalies averaged for the year April 1997 to March 1998. 3ase

period is 1987-96. Shading denotes positive values. Spacing is 2 mm day J.

(a) GPCPx, (b) NCEP/NCAR, (c) the difference GPCPx minus NCEP/NCAR.
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